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A B S T R A C T   

In this study, the effect of swift heavy ions (SHIs) irradiation in the recrystallization of polycrystalline SiC pre- 
implanted with selenium (Se) ions and migration of Se was investigated. The main objective of this study is to 
investigate the role of SHIs with the maximum electronic energy loss greater than 20 keV/nm on structural 
evolution of initially amorphized pre-implanted SiC and the migration of pre-implanted fission products (FPs). 
The pristine SiC samples were first implanted with 200 keV Se ions to a fluence of 1 × 1016 cm− 2 at room 
temperature (RT) and at 350 ◦C. Some of the pre-implanted samples were then irradiated with bismuth (Bi) ions 
of 710 MeV to a fluence of 1 × 1013 cm− 2 at RT. The characterization of both the implanted and implanted then 
irradiated SiC was conducted using techniques such as transmission electron microscopy (TEM), Raman spec-
troscopy, scanning electron microscopy (SEM), and Rutherford backscattering spectrometry (RBS). At RT, Se ions 
implantation caused the amorphization of SiC to a depth of about 187 nm beneath the surface. In contrast, when 
implanted at 350 ◦C, the SiC retained its crystalline structure with some defects (i.e., point defects, point defect 
clusters and some dislocation loops). The SHIs irradiation of the RT implanted SiC resulted in the reduction of the 
amorphous layer thickness from 187 nm to around 178 nm and led to the formation of nanocrystalline SiC in the 
amorphous layer. Irradiation of the SiC implanted at 350 ◦C induced some crystallization of defects. Notably, no 
evidence of Se ions migration was observed in both the irradiated RT-implanted and the hot-implanted SiC.   

1. Introduction 

About two thirds (~63.3%) of the global electricity is produced from 
burning of fossil fuels such as coal, natural gas, petroleum etc, with coal 
being a primary source [1]. Burning of fossil fuels results in emission of 
carbon dioxide (CO2), thus increasing the CO2 levels which is a major 
contributor to human health and welfare issues [2,3]. Therefore, 
development of carbon free, environmentally friendly, and sustainable 
forms of energy is a global imperative with hydro, wind, solar and nu-
clear energy as some of the proposed candidates [4]. To all these energy 
sources, nuclear energy is the less favoured due to safety concerns 
arising from the possible release of radioactive FPs to the environment 
and nuclear waste storage. In Modern High Temperature Gas Cooled 
Reactors (i.e., pebble bed modular reactor (PBMR)), the strategy for 
containing the FPs involves coating the fuel kernel with chemical vapour 

deposited (CVD) layers of carbon (C) and silicon carbide (SiC) to form a 
tri-structural isotropic (TRISO) particle [5,6]. The TRISO fuel particle 
consists of a inner UO2 core, which is encapsulated by four distinct 
layers: a porous carbon buffer layer to accommodate internal gas 
accumulation, an inner pyrolytic carbon (IPyC) layer serving as a 
diffusion barrier for most non-metallic FPs, a SiC layer that functions as 
the primary diffusion barrier for metallic FPs, and an outer pyrolytic 
carbon (OPyC) layer designed to shield the SiC layer from external 
chemical and mechanical interactions while assisting in reducing stress 
within the SiC material [7]. The use of SiC is grounded in its exceptional 
properties, which encompass extreme hardness, high thermal conduc-
tivity, high temperature stability, radiation resistance, small neutron 
absorption cross-section and high corrosion resistance [8,9]. The 3C–SiC 
polycrystalline material stands out as the preferred polytype for appli-
cations in nuclear reactors, particularly in TRISO fuel particles. This 
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preference is primarily attributed to the higher radiation resistance of 
the 3C–SiC polytype against neutron bombardment compared to single 
crystals. Notably, the fabrication of 3C–SiC takes place under identical 
conditions as those used for producing SiC coatings on TRISO particles 
[10,11]. 

In the core of a nuclear fuel, a fission reaction takes place when a 
nucleus of the uranium isotope U-235 absorbs a thermal neutron, 
causing it to become unstable and then eventually split into two lighter 
nuclei/fission products (FPs). During this process, two or three neutrons 
are emitted, along with a huge amount of energy. The FPs dissipate 
different range of energies, essentially in the order of 100 MeV, followed 
by low keV when they have slowed down. The energies in the order of 
100 MeV are comparable to the energy of swift heavy ions (SHIs)) [12]. 
SHIs lose most of their energy via electronic energy loss as they are 
traversing the target material until they have slowed down to the low 
energies i.e., keV region, where they lose their energy via nuclear energy 
loss [13]. Therefore, during operation of fission nuclear reactor, SiC will 
also be irradiated with SHIs. The irradiation of SiC with SHIs might have 
some role in the containment of FPs in TRISO particle where SiC is the 
main diffusion barrier. Hence, it is essential to understand the role of 
SHIs in the migration behaviour of FPs. 

The effect of SHIs irradiation on SiC pre-implanted with low energy 
ions has been reported by Audren et al. [14]. In this study, 700 keV 
iodine was implanted into SiC at RT and elevated temperatures (400 ◦C 
and 600 ◦C) to fluence of 1015 cm− 2. The elevated temperature (i.e., 
600 ◦C) implanted sample was subsequently irradiated with either Au 
ions of 6.8 MeV or 104 MeV Pb ions (of maximum electronic energy loss 
of ~4.1 or 18.9 keV/nm) at 600 ◦C. The results revealed no migration of 
implanted iodine induced by SHIs irradiation. 

The recrystallization of pre-damaged SiC caused by SHIs irradiation 
was reported by Benyagoub et al. [15,16]. In this previous study, the 
700 keV iodine was pre-implanted into SiC substrate to fluences of 7.5 ×
1013 and 1.1 × 1014 cm− 2, subsequently irradiated with 827 MeV Pb 
ions (of maximum electronic energy loss ~ 33 keV/nm) at RT. 
Implanting SiC to a fluence of 7.5 × 1013 cm− 2 introduced some defects, 
mainly point defects, into the SiC structure, while implanting it to a 
fluence of 1.1 × 1014 cm− 2 led to the amorphization of SiC. Subse-
quently, irradiating the pre-implanted SiC with SHIs resulted in the 
epitaxial growth of the amorphous layer, and almost total recovery of 
the defects was observed in the initial SiC structure with defects. Slight 
annealing effect has also been observed after exposing pre-damaged SiC 
to 50 MeV I ions to fluence of 1013 cm− 2 [17]. However, the damage 
recovery was not significant compared to the one observed in Refs. [15, 
16], probably due to electronic energy loss difference-with 50 MeV I ions 
having only 12 keV/nm which is well less than the one generated by 827 
MeV Pb ions (~33 keV/nm). 

Quite recently our group started investigating the effect of SHIs 
irradiation on SiC pre-implanted with fission products surrogates (i.e., 
Kr, Sr, I, Xe and Ag) of nuclear safety concern [7,12,13,18]. In these 
previous investigations, the pre-implanted SiC samples were irradiated 
with Xe ions of 167 MeV equivalent to maximum electronic energy loss 
of about 20 keV/nm. Regardless of the chemistry of the pre-implanted 
FPs surrogates the results revealed that SHIs irradiation of the RT 
implanted resulted in some limited epitaxial growth of the amorphized 
layer accompanied by the formation of nano-crystallites embedded in 
the amorphous SiC structure owing to electronic energy deposition by 
SHIs. The SHIs interact with the electrons of the irradiated substrate, 
resulting in the kinetic energy being transferred into electrons of the 
substrate which then transfer the kinetic energy into the substrate atoms 
via electron-phonon interaction. This process results in a rapid and 
notable rise in the lattice temperature. When the lattice temperature 
surpasses the melting point of the material, a transition from solid to 
liquid phase along the trajectory of the ions can take place. This 
mechanism is explained within the framework of the inelastic thermal 
spike model [19]. No migration of the pre-implanted FPs was detected 
after SHIs irradiation. 

To the best of our knowledge, the role of SHIs with the maximum 
electronic energy loss greater than 20 keV/nm in structural evolution of 
initially amorphized-pre-implanted SiC and the migration of pre- 
implanted FP has only been investigated for iodine pre-implanted SiC 
[15,16]. For the safety of the nuclear reactors, similar investigation 
needs to be undertaken for all other important FPs. Hence, in this study, 
the role of SHIs (with maximum electronic energy loss greater than 20 
keV/nm) irradiation in the structural evolution and migration in the SiC 
pre-implanted with Se ions was investigated. 

Selenium (Se) is a non-metallic element with nine major radioactive 
isotopes of which only one- Se-79 has a concerning long half-life of 3.8 
× 105 years, which was recently updated [20,21]. Se-79 is a constituent 
found in spent nuclear fuel and radioactive waste materials linked to the 
operation of nuclear reactors. It is generated with an approximate yield 
of 0.04% per fission event. It emits a beta particle during its radioactive 
decay which pose a major health concern (i.e., likelihood of inducing 
cancer) when absorbed by a human body [3]. Thus, containment of Se in 
the nuclear reactor is crucial. Recent studies on the microstructural 
properties of Se implanted into polycrystalline SiC have been reported 
by Refs. [22–24]. Their findings showed that Se implantation at RT 
amorphized SiC near the surface region, while hot implantation (350 
and 600 ◦C) retained crystalline structure of SiC with some structural 
defects (i.e., predominately, point defects). 

In this work, Se ions of 200 keV were first implanted into SiC wafers 
at both RT and 350 ◦C, to a fluence of 1 × 1016 cm− 2. Subsequently, 
some of the pre-implanted SiC samples were exposed to Bi ions of 710 
MeV, to a fluence of 1 × 1013 cm− 2 at RT. The only implanted samples 
and implanted then irradiated samples were characterized using TEM, 
Raman spectroscopy, SEM, and RBS. Since the Bi ions used in this study 
have the maximum electronic energy loss of about ~33.7 keV/nm that is 
greater than that of 167 MeV Xe ions of about 20 keV/nm used in the 
earlier studies, the findings of this study were compared with Xe irra-
diated samples in Refs. [7,12–18] to investigate the impact of electronic 
energy loss in the recrystallization of the damaged SiC. 

2. Experimental procedure 

In this study, polycrystalline SiC wafers primarily comprised of 
3C–SiC, with minor traces of 6H–SiC [22], were sourced from Valley 
Design Corporation. The microstructure of the original wafers was 
examined using scanning electron microscopy (SEM) and electron 
backscatter diffraction (EBSD). The analysis revealed that the SiC wafers 
mainly consist of columnar crystallites oriented along the growth di-
rection with diameters of a few micrometres. Additionally, smaller 
crystals which do not align parallel to the columns were observed. EBSD 
analysis indicated a predominant cubic lattice structure, although some 
hexagonal growth modes were also identified [25]. An implanter at 
Friedrich-Schiller University, Germany was used to implant Se ions. The 
implantation was conducted at RT and at 350 ◦C, both under vacuum 
conditions, with an energy of 200 keV and a fluence of 1 × 1016 cm− 2. 
Subsequently, certain pre-implanted SiC wafers underwent irradiation 
with 710 MeV Bi+51 at RT, to a fluence of 1 × 1013 cm− 2, using the 
IC-100 FLNR cyclotron at the Joint Institute for Nuclear Research (JINR) 
in Dubna, Russia. 

Both RT and 350 ◦C only implanted and pre-implanted then 710 MeV 
Bi+51 irradiated SiC were characterized through multiple techniques, 
including Raman spectroscopy, transmission electron microscopy 
(TEM), Rutherford backscattering spectroscopy (RBS) and scanning 
electron microscopy (SEM). The Witec alpha 300 RAS + Raman spec-
trometer was used in this study. The Raman spectra were obtained using 
an excitation laser with wavelength of 532 nm (visible range of elec-
tromagnetic spectrum), and power laser of 2.5 mW. The changes in the 
morphology of the SiC surfaces were assessed by employing a Zeiss Ultra 
55 field emission gun scanning electron microscope (FEG-SEM) equip-
ped with an in-lens detector. An acceleration voltage of 2 kV was applied 
during the analysis. To track the migration of the implanted Se ions both 
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before and after irradiation, RBS was employed. Analysis was conducted 
using 2 MeV helium ions (He+), and the backscattered ions were 
detected by a silicon (Si) surface barrier detector at a scattering angle of 
150◦. Throughout the measurements, a constant current of approxi-
mately 500 pA was maintained, and a total charge of 500 nC was 
collected per measurement. The backscattered energy in channel num-
ber of the Se profile was converted into depth utilizing Ziegler, Biersack, 
and Littmark (ZBL) stopping powers [26], along with the density of 
pristine SiC (3.21 g/cm3). The RBS spectra showed that the conversion 
of channels into depth scale had no effect on the original Se profiles (see 
Fig. S1 in the supplementary data). The microstructural evolutions in the 
only implanted and pre-implanted then irradiated samples were char-
acterised using TEM. TEM lamellas were prepared for cross-sectional 
observations with the focused-ion-beam (FIB) method using 30 keV 
Ga+ ions in a Helios Nanolab 660 system (Thermofisher). The ion energy 
was decreased to 2 keV in several steps to obtain samples with thick-
nesses lower than 100 nm. Finally, the samples were cleaned with a 
plasma cleaner immediately before being measured. A JEOL-F200 TEM 
with a cold field emission electron gun operating at 200 kV was used to 
analyse the prepared specimens. 

3. Results and discussions 

Before performing implantation and irradiation experiments, the 
simulations of ions in SiC were performed using the stopping and range 
of ions in matter (SRIM) 2012 in a full damage cascade mode [26]. In 
these simulations, displacement energies of 20 eV for carbon (C) and 35 
eV for silicon (Si) were employed, along with a SiC material density of 
3.2 g/cm3 [27]. Fig. 1 shows the relative atomic density (RAD) (%), 
displacement per atom (dpa), and electronic energy loss versus depth 

obtained from SRIM simulations for implanted Se ions and irradiated Bi 
ions. The RAD (%) was calculated as the ratio of density of implanted 
ions to density of the substrate as shown in equation (1): 

RAD (%)=
ρions

ρSiC
× 100 (1) 

While the fluence was converted into dpa using equation (2): 

dpa=
vac

ion (Å)
× 108

ρSiC(atoms/cm3)
× φ

(
ions

/
cm2) (2)  

where φ is the ion fluence, ρSiC is the theoretical atomic density of silicon 
carbide (9.641 × 1022 atoms/cm3) and vac/ion is the vacancy per ion 
ratio from SRIM. 

Fig. 1 shows the SRIM simulated results together with Se depth 
profiles from RBS. Se ions of 200 keV has maximum nuclear energy loss 
of about 1.73 keV/nm which is far greater than the maximum electronic 
energy loss of about 0.5334 keV/nm. Conversely, Bi ions of 710 MeV has 
maximum electronic stopping power of ~33.7 keV/nm which is far 
greater than their maximum nuclear stopping power ~0.0808 keV/nm. 
The critical dpa to amorphize SiC being 0.3 dpa [28], implantation of 
200 keV Se ions will result in an amorphous layer of about 150 nm as 
shown in Fig. 1 (b) while 710 MeV Bi ions will not amorphize SiC as 
shown in Fig. 1 (c), as even the maximum damage of 710 MeV Bi ions (of 
about 0.0018 dpa) is less than the amorphization threshold of SiC. 
However, in this study, Bi ions were used to irradiate the 
Se-pre-implanted SiC. This will result in the amorphous SiC layer 
retained by Se ions implantation being exposed to electronic energy loss. 
Hence, some microstructural evolution in the irradiated, initially 
amorphized SiC irradiated with SHIs of maximum electronic energy loss 
less than 33.7 keV used in the current study [7,12,13,18]. Moreover, all 

Fig. 1. The relative atomic density (%) and displacement per atom (dpa) versus depth obtained from RBS experiments and SRIM simulations for (a) implanted Se 
ions to fluence of 1 × 1016 cm− 2 at RT and 350 ◦C, (b) zoomed in version of (a) and (c) Bi ions irradiation to fluence of 1 × 1013 cm− 2 and the electronic energy loss 
for 710 MeV Bi ions. 
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Se depth profiles (see Fig. 1 (a)) obtained from RBS of the Se ions 
implanted into SiC at different temperatures are almost Gaussian with 
projected range of 89.2 nm which is in reasonable agreement with the 
projected range of the simulated Se ions of ~89.6 nm. 

TEM micrographs of the RT implanted SiC before (a) and after (b) 
SHIs irradiation are shown in Fig. 2 together with the selected area 
diffraction (SAD) patterns of their damaged and bulk (unirradiated) 
regions. The double red arrow indicates the damaged SiC layer. The 
layer on the surface is a protective platinum (Pt) layer deposited by 
electron beam and gallium Ga ions. The significance of this protective 
layer lies in its capability to shield the surface of the specimen within the 
selected lamella area from potential damage caused by ion beams. 
Additionally, it serves to prevent inadvertent grinding during the 
lamella preparation process. Implantation of Se ions retained a damage 
layer of about 187 nm below surface. Its corresponding SAD pattern 
shows a diffuse halo ring indicating amorphous SiC structure. SHIs 
irradiation of RT implanted SiC caused epitaxial growth of the amor-
phous SiC from amorphous-crystalline interface resulting in the reduc-
tion in the amorphous SiC layer from 187 nm to 178 nm. Furthermore, 
randomly oriented nano-crystallites, observed with Fresnel contrast, are 
present in this region (highlighted in blue circles) [13,18]. Therefore, 
SHIs irradiation caused epitaxial growth accompanied by a partial 
recrystallization within the previously amorphized layer. Similar 
recrystallization behaviour has been reported [7,13,18] for SiC 
pre-implanted with low energy ions at RT followed by 167 MeV Xe+26 

irradiation at RT (maximum electronic energy loss of 20 keV/nm) to 
fluences of 3.4 × 1014 cm− 2 and 8.4 × 1014 cm− 2. However, in this 
study the recrystallization is taking place at lower fluence of 1 × 1013 

cm− 2 which might be due to high maximum electronic energy loss of 
33.7 keV/nm as compared to 20 keV/nm used in the previous studies. 
Hence it can be deduced that the dose of electronic stopping energy loss 
(over 20 keV/nm) has a significant impact on the recrystallization 
behaviour of defective SiC. 

Fig. 3 shows the TEM micrographs and SADs of the 350 ◦C-implanted 
SiC before (a) and after (b) SHIs irradiation. Implantation at 350 ◦C 

resulted in the implanted region composed of the less defective and 
highly defective layer. The highly defective layer primarily exhibits 
point defects with some point defect clusters and dislocation loops, 
while the less defective layer is characterized by stacking faults and 
dislocations [29]. The defective layers are indicated by the blue (less 
defective layer) and red (highly defective layer) double arrows in Fig. 3. 
The less defective layer is about 70 nm from the surface and the highly 
defective layer is ~95 nm (from 70 nm below the surface) constituting to 
a total defective SiC layer of about 165 nm. The lack of amorphization in 
SiC implanted at 350 ◦C was expected since the temperature of irradi-
ation is above the critical amorphization temperature of SiC (of about 
300 ◦C) [29]. Comparing the TEM results with results in Fig. 1 (a), it 
becomes evident that most of the implanted Se ions are in the high 
defective region which might also be a highly strained region owing to 
the implanted ions [30]. SHIs irradiation of the 350 ◦C implanted SiC 
caused the migration of defects in the implanted layer resulting in the 
reduction of the less defective region to about 47 nm from the surface 
and highly defective region to 75 nm from the less defective region. 
Moreover, the highly defective region seems to have moved towards the 
surface. The reduction in the highly defective region is due to recrys-
tallization. While the reduction in the less defective region and the 
movement of the highly defective region is due to the migration of de-
fects. The defects migration rate is more on the pristine and highly 
defective region, hence the reduction from the back. However, if one 
compares the remaining defective region with results in Fig. 1, the 
remaining defective region is still the region with majority of Se atoms. 
Therefore, the effect of strain filed might not be ruled out. Similar 
recrystallization behaviour of defects in SiC was reported for iodine ions 
of 700 keV implanted into SiC subsequently irradiated with 827 MeV Pb 
ions (maximum electronic energy loss of about ~33 keV/nm) to fluence 
of 2 × 1013 cm− 2 [15,16]. In the current study the SiC with defects was 
irradiated with 710 MeV Bi ions (maximum electronic energy loss of 
33.7 keV/nm) to fluence of 1 × 1013 cm-2 which is quite comparable to 
Refs. [15,16], hence consistency in these two results was expected. 

Fig. 4 shows the Raman spectra of pristine SiC, and RT and 350 ◦C 

Fig. 2. TEM micrographs of (a) as-implanted polycrystalline SiC at room temperature and subsequently (b) irradiated with SHIs. The SADs of amorphous and bulk 
(crystalline) are also incorporated. Areas where the SADs were taken are indicated with arrows. 
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Fig. 3. TEM micrographs of (a) as-implanted polycrystalline SiC at 350 ◦C and subsequently (b) irradiated with SHIs.  
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implanted SiC before and after irradiation. The Raman spectrum of 
pristine SiC has vibration modes at (~765 and 791 cm− 1) and 965 cm− 1 

belonging to transverse optical mode (TO) and longitudinal optical 
mode (LO), respectively [31], indicating that the pristine SiC is 
composed of 3C–SiC with some traces of 6H–SiC [32]. Implantation of Se 
ions at RT resulted in broadening of Raman characteristic peaks of SiC 
and appearance of Si–Si (~525 cm− 1) and C–C (~1425 cm− 1) peaks, 
indicating amorphization of SiC which coincide with previous findings 
[22–24]. The irradiation of SiC implanted at RT with SHIs led to a partial 
reappearance of SiC characteristic Raman peaks (between 700 and 1100 
cm− 1). However, the Si–Si (~525 cm− 1) and C–C (~1425 cm− 1) peaks 
were still present after irradiation, indicating limited recrystallization of 
the initially amorphized SiC layer. This limited recrystallization was 
attributed to the thermal spikes induced by the electronic energy loss 
[19,33]. These observations correlate with previous reported work [7, 
12,18,33] in which an amorphized SiC due to low energy ion implan-
tation at RT were subjected to 167 MeV Xe+26 irradiation at RT 
(maximum electronic energy loss of 20 keV/nm) to fluences of 3.4 ×
1014 cm− 2 and 8.4 × 1014 cm− 2. In the current study, the amorphous 
SiC was exposed to lower fluence of 1 × 1013 cm− 2 of Bi ions, none-
theless, recrystallization was observed which might be attributed to high 
maximum electronic energy loss of 33.7 keV/nm as compared to 20 
keV/nm used in the previous studies. 

Implantation at elevated temperature caused only the reduction in 
Raman characteristic peaks of SiC indicating accumulation of defects 
without amorphization [22]. This is in line with TEM results discussed 
earlier in Fig. 3. The irradiation of pre-implanted SiC with SHIs led to a 
narrower full width at half maximum of LO mode compared to Se ions 
only implanted SiC, indicating partial recrystallization of the initially 
retained defects. The vertical dashed line indicates the centre of LO 
mode peak, which was used to monitor the Raman shift. There was no 
Raman shift observed after SHIs irradiation, suggesting lack of tensile or 

compressive stress within the subsurface of the materials. The observed 
results are in good agreement with the reported TEM (in Figs. 2 and 3). 

The SEM micrographs of implanted and implanted then irradiated 
SiC are shown in Fig. 5. SEM surfaces of pristine SiC, RT and 350 ◦C Se 
ions only implanted SiC were recently reported by Ref. [22]. Their re-
sults showed that the pristine surface had polishing marks which were 
mechanically induced during the polishing process. Implantation of 200 
keV Se ions at RT led to flat and featureless surface, indicating, sput-
tering of the surface atoms as a result of bombarding them with ener-
getic ions, and the swelling of the amorphous SiC. Implantation at 
elevated temperature resulted in the reduced polishing marks and 
appearance of some grains, indicating the presence of crystalline 
structure. SHIs irradiation of RT pre-implanted SiC resulted in the 
appearance of polishing marks (see Fig. 5 (a)) on the initially flat and 
featureless surface. However, these polishing marks are less noticeable 
compared to those observed in the pristine SiC surface. Meanwhile, 
subjecting the 350 ◦C pre-implanted SiC to SHIs irradiation caused the 
appearance of more pronounced polishing marks and grains. Both SEM 
results of the SHIs irradiated samples indicate recrystallization of some 
defects in line with TEM and Raman results discussed earlier. 

The effect of SHIs irradiation on the migration behaviour of Se ions 
implanted into SiC was studied using RBS. The Se depth profiles ob-
tained from RBS both before and after SHIs irradiation are displayed in 
Fig. 6. RBS did not reveal any substantial or measurable broadening and 
shifting in the Se profile, indicating that there was no detectable 
migration of the implanted Se ions after SHIs irradiation. This lack of 
detectable migration after irradiation was also observed by Refs. [12,13, 
18] for silver, krypton, and xenon ions of 360 keV pre-implanted into 
polycrystalline SiC, subsequently irradiated with 167 MeV Xe ions of 
maximum electronic energy loss of 20 keV/nm. The similarity in the 
current finding and those from previous studies suggests that the 
maximum electronic energy loss over 20 keV/nm does not influence the 

Fig. 4. Raman spectra of the Se implanted samples at (a) RT, and (b) 350 ◦C and after irradiation. Pristine spectrum was included for comparison.  

Fig. 5. SEM micrographs of the Se-implanted then SHIs irradiated SiC at (a) RT and (b) 350 ◦C.  

T.S. Mabelane et al.                                                                                                                                                                                                                            



Vacuum 224 (2024) 113189

7

migration of implanted FPs. 

4. Summary 

This study delved into the effect of subjecting Se-implanted SiC to 
SHIs (710 MeV Bi+51) irradiation, exploring both the microstructural 
changes of Se implanted SiC and migration behaviour of Se ions within 
the SiC material. The 200 keV Se ions were implanted into poly-
crystalline SiC to fluence of 1 × 1016 cm− 2 at RT and 350 ◦C, following 
this, certain pre-implanted SiC underwent irradiation with 710 MeV 
Bi+51 to fluence of 1 × 1013 cm− 2 at RT. The microstructural evolutions 
were monitored with TEM, Raman, and SEM, while the migration of the 
implanted Se ions was tracked by RBS. TEM results confirmed 
amorphization (retained amorphized layer of about 187 nm from the 
surface) of SiC after implantation at RT, which was corroborated by 
diffused SAD patterns which were obtained from the implanted region. 
The irradiation of the amorphized layer with 710 MeV Bi+51 showed 
Fresnel contrast, indicating formation of randomly oriented nano- 
crystallites. Additionally, subjecting the amorphous layer to 710 MeV 
Bi+51 led to epitaxial growth of the amorphous SiC from amorphous- 
crystalline interface, reducing its thickness from 187 nm to 178 nm. 
This observed recrystallization was attributed to the substantial 
maximum electronic energy loss of about 33.7 keV/nm provided by 710 
MeV Bi+51. In contrast, SiC implanted at 350 ◦C retained its structure, 
but with less and highly defective layers (highly strained layer) of about 
70 nm from the surface and 95 nm (from 70 nm below the surface), 
respectively. Collectively, these layers constituted to a total defective 
SiC layer of about 165 nm. Meanwhile, subjecting the defective layers to 
710 MeV Bi+51 led to thickness reduction of 33% in the less defective 
layer and a decrease of 21% in the highly defective layer. Interestingly, it 
was noted that the 710 MeV Bi+51 irradiation of 350 ◦C pre-implanted 
SiC resulted in more extensive recrystallization compared to SiC pre- 
implanted at RT. The Raman and SEM results confirmed the observed 
recrystallization of some defects after exposing the damaged layers to 
electronic energy loss (~33.7 keV/nm). Moreover, the RBS depth pro-
files indicated that there was no migration of the implanted Se ions was 
detected after exposing both RT and 350 ◦C pre-implanted SiC to 710 
MeV Bi+51 irradiation with maximum electronic energy loss of about 
33.7 keV/nm. 
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determination of 79Se half-life, App. Rad. Iso. 65 (3) (2007) 355. 

[21] B. Ma, M. Kang, Z. Zheng, F. Chen, J. Xie, L. Charlet, C. Liu, The reductive 
immobilization of aqueous Se(IV) by natural pyrrhotite, J. Harz. Mat. 276 (2014) 
422. 

[22] Z.A.Y. Abdalla, M.Y.A. Ismail, E.G. Njoroge, E. Wendler, J.B. Malherbe, T. 
T. Hlatshwayo, Effect of heat treatment on the migration behaviour of selenium 
implanted into polycrystalline SiC, Nuclear Inst. and, Methods Phys Res B. 487 
(2021) 30. 

[23] Z.A.Y. Abdalla, E.G. Njoroge, M. Mlambo, S.V. Motloung, J.B. Malherbe, T. 
T. Hlatshwayo, Isothermal annealing of selenium (Se)-implanted silicon carbide: 

structural evolution and migration behavior of implanted Se, Mat. Chem. Phys. 276 
(2022) 12533. 

[24] Z.A.Y. Abdalla, M.Y.A. Ismail, E.G. Njoroge, T.T. Hlatshwayo, E. Wendler, J. 
B. Malherbe, Migration behaviour of selenium implanted into polycrystalline 
3C–SiC, Vacuum 175 (2020) 109235. 

[25] E. Friedland, J.B. Malherbe, N.G. van der Berg, T. Hlatshwayo, A.J. Botha, 
E. Wendler, W. Wesch, Study of silver diffusion in silicon carbide, J. Nucl. Mater. 
389 (2009) 326. 

[26] J.F. Ziegler, M.D. Ziegler, J.P. Biersack, SRIM–The stopping and range of ions in 
matter (2010), Nucl. Instrum. Methods Phys. Res. Sect. B Beam Interact. Mater. 
Atoms 268 (11–12) (2010) 1818. 

[27] R. Devanathan, W.J. Weber, Displacement energy surface in 3C and 6H SiC, 
J. Nucl. Mater. 278 (2000) 258. 

[28] F. Gao, W.J. Weber, Cascade overlap and amorphization in (formula presented) 
Defect accumulation, topological features, and disordering, Phys. Rev. B Condens. 
Matter. 66 (2002) 1. 

[29] J.B. Malherbe, Diffusion of fission products and radiation damage in SiC, J. Phys. D 
Appl. Phys. 4647 (2013) 473001. 
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